¢ tomox

PR —

E9hhTO

i

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE

- No, 1489

DISLOCATION THEORY OF THE FATIGUE OF METAILS
By E. S. Machlin

Flight Propulsion Research Laboratory
Cleveland, Ohio

~ N

Washington [ﬂ H] ﬂ m @

T

TN ‘gavM AUVHEIT HOEL

AT




TECH LIBRARY KaFs,

i

0Luyg3g
NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1489

DISLOCATION THEORY OF THE FATIGUE OF METALS
By E. S. Machlin

SUMMARY

A dislocation theory of fatigue fallure for annealed solid
solutions is presented. On the basis of this theory, an egquation
giving the dependence of the nmumber of oycles for faillure on the
stress, the temperature, the material paremeters, and the frequency
is derived for uniformly stressed specimens. The equation is found
t0 be in quantitative agreement with the data. Inasmuch as one
material parameter is indicated to be temperature-dependent and
its temperature dependence is not kmown, it 1s impossible to pre-
dict the temperature dependence of the number of cycles for failure.
A predicted quantitative correlation between fatigue and creep is
found to exist, which suggests the practical possibility of obtain-
ing fatigue data for annealed solid solutions and elements from
steady-state creep-rate data for these materials. As a result of
this investigation, a modification of the equation for the steady-
state creep rate previously developed on the basis of dislocation
theory is suggested. Additional data are required to verify
campletely the dislocation theory of fatigue.

INTRODUCTION

The failure of materials under an oscillating stress, the
meximum value of which l1s lower than that required to cause faillure
in a statlic tensile test, 1s termed "fatigue failure." This type
of fallure is the limiting factor in the design and the opevation
of many rotating parts. In partlcular, fatigue strength hes become
a limiting factor in the development of the gas turbine for air-
craft use, Turbine buckets, for exemple, have in many cases failed
as a result of fatigue.

Two methods of eliminating the problem of fatigue fallure
exist: (1) The design of the parts can be changed to minimize the
effect of oscillating stresses; and (2) the resistance to fatigue
fallure of the materlals used can be increased. A phase of the
second solution, based on obtaining en understanding of the fatigue
phenomensa, 1s discussed in this report.
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Although many experimental investigations of fatigue have been
mede, few have been concerned with basic considerations. The work
of Gough and his collaborators (references 1 and 2) , however, 1is
outstanding in the field of fundsmental fatigue studies. This work
has shown that the phenomena of plastic deformation (slip) and
fatigue are closely related. Scme theories have been reported
(references 3 and 4) that relate plastic deformation to fatigue
failure. Because these theories are not of a fundamental nature,
however, they have not yielded basic knowledge of the physical
properties of materiels that affect fatigue.

With the development of the theory of dislocatlons, the under-
standing of the phencmena of plastic deformation has greatly advanced
(references 5 to 8). Inasmuch as plagtic deformation end fatigue
have been shown to be related, an investigation of fatigue based on
the theory of dislocations was undertaken and is presented herein.
In this investigation & physical model, based on dislocation theory,
was devised to account for crack growth. This model was then used
as a means of obtaining an equation relating the mumber of cycles
for failure to the appropriate variables. The equation so obtained
was then subjected to various experimental checka. Thils investiga-
tion is part of a program being conducted at the NACA Cleveland
leboratory to evaluate the physical properties of heat-resisting
alloys in terms of physical constants that are easily measurable
and to make possible the synthesis of compositlons and structures
of heat-resisting alloys better than those currently used.

SYMBOILS
The following symbols are used in this report:
e constant
¢  proportionality constant relating T4 to Op/2
d; distance between atams in slip direction, centimeters

£ fraction, experimental velue = 0.374 (reference 8)

AF_ free energy of activation involved in generation of a dis-
location, ergs per molecule

h  Planck's constant, 6.62 X 1027 erg seconis

heat of activation per molecule involved in generation of a
dislocation, ergs
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Bolbzmann's constant, 1.38 X 10~16 ergs per molecule per °K

distance between lmperfections in single crystal s of order
of 1 micron

emount of crack growth per crack source necessary for faillure
measured in units of number of interatamic spacings

number of cycles for failure
period of cycle of stress, seconds
stress-concentration factor

cq

rate of generation of positive or negative dislocations at
stress concentration of internsl surface in crystalline
material, mumber of dislocations per second

net rate of growth per crack, mmber of atomic spacings per
second

entropy of activation per molecule involved in generation of
dislocation, ergs per °K

absolute temperature, °K

time, seconds

shear rate, 1 per second

antilog of intercept of plot of log wn' ageinst o at ¢ =0
a:bon‘xic volume, cubic centlmeters

ratio of d; to interplanar spacing of slip planes, (,\/:g- for
face-centered and body-centered cubic lattices)

mathematical variable
wt '
tensile stress, dynes per sq,um:'-e centimeter

maxlmum tensile or compressive stress of cycle, dynes pér- N
square centimeter

e -
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T resolved shear stress, dynes per square centimeter

'ra averags resolved shear stress in polycrystalline specimen
operating for failure, dynes per square centimeter

Ty resolved shear stress due to internal souwrce, dynes per sqguare
cenbtimeter

Ty resolved maximum shear stress corresponiing to g, dynes per
square centimeter

T, average shear stress at sources of dislocations, dynes per
square centimeter

© frequency of oycles of stress application, 1 per second

CRACK MECHANISM

Fatigue fallure is usually associated with the propagation of
a crack, This fatigue crack must be formed either as & result of
internal tensile stresses that exceed the tensile strength of the
material or from pre-existing submicroscopic cracks thaet grow under
the influence of the oyclic stress. The assumption will be made
that such submicroscopic cracks do exist. It is probable that scme
of the sowrces of stress concentrations in metals are in the form
of sulmicroscopic cracks that ocour at the boundaries of mosaic
blocks (reference 6).

A theory that would explain the growth of these sultmicroscoplc
cracks as a result of the combtimmal reversal of stress might provide
a basis for the development of a guantitative theory of fatlgue.

The analysis of the mechanism of crack formation developed herein
is predicated on the dislocation theory discussed in references 5,
6, 8, and 9. A short résumé of the dislocation thecry follows:

A dislocation consists of a stable arrangement of atams such
that, in a region of a few atomic distances, n + 1 atoms in the
slip d.:lrection face n atoms across the slip plane. When the
n + 1 atoms are above the n satoms, the configuration is called
a positive dislocation; when the =n + 1 atoms are below, it l1s
celled a negative dislocation. The net result of & positive dis-
location moving campletely through a specimen from left to right,
or a negative dislocation moving completely through the specimen
from right to left, is a translatlon of the material above the plane
between the n + 1’atoms and the n atams, with respect to the

LLL
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material below this planse, by ome atamic distance to the right. If
the posltive dislocatlon moves fram right to left or the negative
dislocation moves from left to right, the opposite translation takes
plaoce,

The most probable gources of genmeration of dislocations are
stress concentrations. Such stress concentrations ocowmr at the ends
of cracks. For example, an ellipsoldal orack shown in cross section
in figure 1, has two points of stress concentretion (A and B in
fig. 1), which exceed the stress concentration at any other point
along the crack oircumference (reference 10). Dislocations will
usually be generated at these stress concentrations upon the
application of a shear stress.

In the development of a theory for the growth of sulmicroscopilc
oracks, 1t was found that as a result of making certaln assumptions
about the physical model, it was possible to obtain an equation
that was in agreement with the avalleble data. Although each of
these assumptions may have a physical basis, such a basis was not
immediately evident. The development of the theory that follows
therefore presents these assumptions without any attempt to Justify
them physiocally.

It 1s assumed that cracks similar to the oms shown diegrem-
matically in figure 1 exist in such a manner that points A and B
act as gources of generation of dislocations. It is Yuwrther assumed
that only positive dislocations can be generated at point A and
only negative dislocations can be generated at point B, If the
line Joining A and B 1s at a small angle to the slip plane and if, at
point A, the generated positive dislocations move to the right anmi,
at point B, the generated negative dislocations move to the left
as a result of the given shear stress, the orack will grow. An.
intermediate position of the right side of the crack after the crack
has grown to scme extenmt is shown by the dashed line in figure 1.

If all the dislocabtlions that were generated at A and B during
one half-cycle of stress had returned to their respective sources
during the next half-cycle of stress, the crack would not have
growvn &t the end of a complete cycle of reversed stressing. In
order for the crack to grow, same of the dislocations generated at
the crack sources during the growth part of the stress cycle
therefore must either disappear from the specimen or reach a point
fram which their return to the source is prevented. No disloca-
tions generated at A and B in the second half-cycle of stress can
enter the crystal lattice because, according to the assumption,
only positive dislocations are generated at A andi only negative
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dislocatlions are generated at B, and the applied stress during this
halif-cycle of stress would make any dislocatlions generated at these
gources return to their respective sowrces. This assumption does

not mean, however, that other sources at which none of the disloca-
tions there generated move into the crystal lattlice during the first
helf-cycle will not generate dislocations that move into the crystal
lattice In the last half-cycle.

If one submicroscopic corack were to account for the failure of
& macroscopic specimen, it would appear that more than the obaerved
emount of plastic flow would have to occur. Hence, it seems evi-
dent that 1f failure were to ocowr as the result of the growth of
submicroscopic cracks, it would take plece because many oracks
contribute to the fallure. A simple configuration of cracks of
the type 1llustreted in figure 1 that cen lead to fabtigus fallure
with 1little plastic flow is shown in figure 2.

This configuration, after all the cracks have grown to a
certain extent, would appear as shown in figure 3. In order that
the cracks may grow in this configuration 1t becomes necessary, as
before, to assume that at the points A only positive dislocations
are genorated and at the points B only negative dislocations are
gonerated. The result of positive dislocations moving to the left
and. negative dislocations simultansously moving to the right during
a cycle of stress favorable for this motion, is that relative
translations of the lattlce ocour which yleld larger cracks than
existed prior to the translations., Inasmuch as these dislocations
disappeared from the lattlce at the points C and D in figure 2,
the application of a stress opposite to the previous stress would
not cause any relatlive translations of the lattice between the
regions separated by the slip planss A-C and B-D, unless positive
and negative dislocations were generated at C and D, respectively.
It 1s assumed that no dislocations are generated at points C
and D. Each crack in the configuration will therefore grow as long
as posltive dislocations genesrated at A and negative dislocations
generated at B disappear from the lattice at C and D, respectively.

In the foregoing discussion, 1t was assumed that each crack
extends completely through the specimen in the direction perpen=~
dicular to the plene of the figure. Because the cracks were agsumed
to exist in the mosaic-block boundaries, however, it seems probeble
that the crack width in the direction considered is not more than
a few mosalc-block lengths, that is, about 10~4 centimeters. In
order to account for the growth of short cracks i1t thus becomes
necessary to assume that such short dislocations may exlst and also

LLL
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that relative slip between mosaic blocks may easlly ccour. Seitz
and Read in consldering the phenomena of slip with respect to dis-
locations found that these assumptlions would help explain the experi-
mental slip phenamena (reference 6, pt. II).

One of the consequences of the orack-growth mechanism Just
described is that the cracks will begin to grow along slip planes.
This phencmenon has been observed by a number of experimenters
(for example, references 2 and 11) on polyorystalline as well as
single-crystal specimens. It was noticed that failure began to
occur along the slip plane and then proceeded in the direction
normel to the maximum tensile stress.

NUMBER OF CICLES FOR FAILURE

The general equation for the rate of generation of dlsloca-
tions Rg of one type at a stress concentratlion of an internal
surface in a orystalline material is given in reference 8. The

equation, for large values of -2-9{%1, can be written as

't TTiT

Ry = o e(-& zqvm) (1)

The net rate of growth per crack R8 is the rate of gensra-
tion of dislocations during the growth cycle:

(-é_r;g . ZqufT)
o\ M (2)

The stress at a generating source may consist of the applied
stress and any internal stress that may be present. As a result,

Rg=Rd=

TB = qT = Q(Tm s8ing + Ti) ) (3)

If it is assumed that the amount of crack growth per crack source
required for failure M 1s a constant for all specimens and materials,
that the stress-concentration values are the seme for every crack
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agsoclated with failure, and that these stress-concentration values
do not change with the mmber of cycles of stressing, then the
dependence of the number of cycles for fallure on-the maximum
resolved shear stress in the slip plane and direction considered is

M=R R, dt (4)

because R8 is independent of K.
Substituting for R in eguation (4) ylelds

-AFg\ B 2qVxfT

2
M=NE o K e ¥ gt (5)

h
o

For annealed metals, the internal stress Ty is approximately zero.

Thus,

- T=1’msin9

Chenging the variable of integration in equation (5) yields

-AF x 2qVxfT, sine

-8
NKT kT P
= e | o 49 (8)
0
In appeniix A it is shown that the integral | e 129 g9
0
can be approximated for large values of &y by the factor 90.422ay.

When this approximation is used in eguation (6) and equation (6) is
golved for N

(ES 0.8449,fo1’m)
N aﬁaﬁﬂ -} kT kT

(7)
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In order to apply equation (7) to polycrystalline specimens,
some assumptions must be made as to the method of fatigue fallure
of polycrystals. It seems probeble that the orientations of the
crystals coamprising the fatigue-falled regions of a polycrystal are
random., The maximm resolved meximum shear stress, i1f each of these
crystals was considered apart from the others, would therefore vary
from same minimum (not zero for <:’t’ac.'ze-ce::rl:e:r:ed. cubic or body-centered
cubic lattices) to the maximm -r. Inasmucheas these crystals are
not separated by stress-free regions, internal stresses would be
set up between the differently oriented crystals. As a result,
steady-state slip would occur at same stress intermediate to the
minimum and maximum value of the maximum resolved maximm shesar
stress, The value of this average resolved shear stress should
then be substituted in equation (7) for polycrystalline specimens.,
If the average resolved sheer stress is related to the maximm

.
resolved shear stress by the equation Tg = © ?m and If q' = cq,

then,

25hM AFS 0.422q 'Vx£op
log I = log ( T ) + 33K - 2.3 (8)

It should be pointed out that equation (8) applies only for stresses
sufficiently above the eniursnce limit (where the log N - Op func-
tion is lineer), because the coniitions thaet determine the endurance
1imit have not been consldered In the development of the theory.
Also, because the assumption was made that oOp 1s constant over

the cross section of the specimen, eguation (8) will apply to axial-
stress-type loading only. The cases of bending-type stresses armi
torsional stresses are theoretically capable of being treated in

a manner similar to the case of uniform axial stress; however, no.
attempt hes been made to evaluate equations of the typs of equa-
tion (8) for these cases.

The intercept of the straight line obtained by plotting
log ¥ against Op &t Op = 0, according to eguetion (8), is

equal to
2xWhM AF
log ( ) —E

) 3G

If all the parameters in this expression are known then it should
be possible to obtain a calculated value of the intercept to compare
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with the experimental values. The paremeters ® and T K are known
from the experimental conditions. The pareameter M is of the
order of magnitude of a mdsaic block length, measured in units of

interatamic spacings, i.e., about 10%, The paremeters k and h
are known constants. The only factor which remains to be determined
is AFg. Now, reference 8 presents & method of caloulating AFg
using creep data. As shown in appeniix B, however, because an
assumption made in reference 8 is incorrect, AFg cannot be com-

pletely determined from creep data. The anslysis presented in
appendix B does indicate, however, that a set of fatigue date and.
creep data for the seme material can be used to calculate a value
of the unknown factor., If the value of this factor is assumed to
be independent of the material veriable, then it can be used to
help velculate values of AFg using ¢éreep data. A table of such

calculated values using deta for copper, shown in figure 4(a), to
evaluate the unknown factor is presented in appendix B.

A check of eguation (8) can now be mede by comparing the
experimental value of the intercept of the stralght line obtalned
by plotting log N against GOp with the value obtained from calocu-
lation using the term derived from eguation (8). Data for Armco
iron, obtained from reference 12 and plotted in figure 4(b), can
be used to meke the suggested comparison of experimental and cal-
culated values of the intercept being considered. The experimental
value of the intercept determined by extrapolating the best stralght
line through the points of figure 4(b) is equal to 22. The approxi-
mate uncertainty. in this velue is *2.  The calculated value is

2200 ~27 4
2xwhM AF Zxx-—-eo X 6.62 X 10 X 10
108 |~ | + 773 = 108
. 1.38 x 1016 x 300
-12
. 2,92 X 10 - 2a.2

2.3 X 1.38 X 10716 x 300

where = 2200 cycles per mimute amd T = 300° K, as given by
reference 12. Tho agreement between the predicted value of 24.2
and the obgerved value of 22 * 2 tends to verify equation (8).

An additional .cheok of the validity of equation (8) could be
made if the value of the stress-concentration factor g were known.




777

NACA TN No. 1489 11

Because the value of q is unknown, the experimental value of the
slope of the linear portion of the plot of log N eagainst Op can
be used to obtain & valus of q*. This calculation 1s:

q' = 2.3 kT X (experimental slope, sq cm/dynes)
- 0,422 X VX xX T

2.3 X 1.38 X 300 X 10'15( 1 4)
0.755 x 2240 X 6.9 X 10

0.422 X 11.7 X 10~2% x 1.23 x 0.374
= 360

A similar procedure was followed to obtaln a value of q!
for annesled copper using the line shown in figure 4(a) to define
the slope. A value of q' = 390 was obtalned.

The fatigue theory can be further experimentally checked. If
equation (8) is solved for the paremeter Vo, the following equa~
tion 1s obtalned:

W =T + W AF, (9)

vhere. i
2,3kT 2t
U= (O.422q'xf) [1°3 ( ¥T ) - log N:l

1
W= oiazaqxr

Date to check equation (9) were obtained from & mumber of sources.
The detalls concerning the sources and precision of data for AFg

are contained in appendlx B.

Because the data for the value of O, that corresponds to
fallure in 3.3 X 106 cycles was difficult to obtaln acourately,
the Pollowing table lists, wherever possible, a mumber of sources
for a glven materiel:
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Materisl |o,, d&ynes/sq om Reference
~J
Aluminum 3.5 x 108 20 3
ag1iver 6.2 x 108 24
Copper 8.2 x 108 12
8.65 x 108 25
Armco Iron| 1.74 x 10° 12
1.90 x 109 14
Nickel 2,06 x10°| ~ 26
: 2,98 x 109 25

8pata obtained from test applying torsional
stresses to a single crystal. Because
the carrections involved are in opposite
directions, the value given 1s a fair

approximation.

Inasmuch as different sources ylelded different values of the
stress corresponding to a certain number of cycles for fallure for
a glven material and, also, because the values of AF, were
obtained by extrapolation, it was declded to plot the data as regions
of approximately equal probability corresponding to each material.
The date are therefore plotted as rectangles or lines in figure S.

The data in this figure correspond to fallure in approximately .

3.3 x 108 cycles; the freguency used to calculate U 1is 2200 cyoles
per minute; -the temperature is 300° K,

The theoretical curve corresponding to these data is, according
to equation (9), a streight 1ine of slope W and intercept U. The
value of q' was considered to be 390, ag previously found for
annealed. copper. Because all the other factors involved in the
calculation of U and W are known, it is possible to calculate
the thecretical values of U and W. The calculated values of

U and W are =157 X 10-16 ergs per molecule and 0,01l32, respec-
tively. The theoretical curve carresponding to these valuss of

U and W 1s plotted as the straight line in figwre 5; it 1s
apparent that the theoretical line is in agreement with the data.
It should be noted that figure 5 represents a correlation between
creep eni fatigue, inasmmch as the ordinate is a parameter deter-
mined from fatigue data and the ebscissa is a parameter determined
from creep data.
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Two other independent checks of the theory are possible: The
first is a check of the temperature dependence of the nmmber of
cycles for failure; the second is baged on the dependence of the
number of cycles for failure on frequency.

The assumption is made that q 1is independent of temperature.
If equaetion (8) 1s solved for O,, the following equation in
obtalned:

Op=A+B(C-1ogT) T (10)

where
AH

A = ——
0.422q 'Vxf

B e 2.3k
0.222q "VxF
2scwhM ﬁ

C =log (""m ) -~ .3k

Data for Armco iron obtained from reference 14 is shown in
figure 6. A oross plot of these data (temperatures in ©K) is shown
in figure 7, which also gives the theoretical curve corresponding
to this experimental plot. Data used to compute the thecretical
values were obtained as follows: values of AHG/'V correspond to
velues of A/V from figure 6 of reference 8; values of AS; were
taken from the values listed in the teble given on page 16 of
reference 8, corrected to account for the factor determined In
appendix B; the value of q' was teken as 390; the frequemcy ©
was taken as 40 cycles per secondi, as reported in reference 1l4.

A study of figure 7 indicates that the thearetical curve ylelds
too small a temperature variation of ¢p. It would therefore appear
that equation (10) does not agree with the experimental data. Two
explanations of these results are possible. The first explanation
is that the date may be in error. The large scatter for the data
corresponiing to 500° C, as shown in figure 6, indicates that this
explanation may be true. Furthermore, it is known that meaningful
temperature studies on dlrect-stress specimens are difficult to
perform because it 1s easy for the specimen to become misalined
owing to the use of long specimen holders, The mlsalinement mey
then be a function of temperature and yleld an apparent temperature
effect, as shown in figure 7.
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The second and more probable explanation is that the stress
concentrations associated with the cracks in the mosalc-block bound-
arles are temperature-dependient and, hence, the assumption mede in
plotting the theoretlcel curve in figure 7 is not valid. In this
case 1t becomes difficult to predict the temperature dependience
of Op, 3inasmuch as no apparent basis exists for determining the
dependence of the stress-concentration factor on temperature.

A finel check of the dislocation theory of fatigue can be
cbtained by determining whether the dependence of the number of
cycles for fellure on the frequency, as given by equation (8) s 18
experimentally obtained. It is indicated in equation (8) that
the log ¥ would be linearly related to the log ®w at constant
meximm stress and temperature. The experiments reported in
reference 15 yield results that verify the prediction qualitatively.
In reference 15, it 1s shown that direct-stress experiments per-
formed af 7000 cycles per minute required a greater number of
cycles for failure than tests at 1200 cycles per minute., The tesgts
at 1200 cycles per minute, however, were performed on a different
type machine than the tests at 7000 cycles per minute; therefore
the results would not be expected to agree quantitatively. The
increase in log N was nevertheless sufficiently large that it
is improbable that the difference in machines could be solely
regponsible for the effect noticed. Reference 16 indicates that
no frequency effect ocours at low values of freguency. An exemi-
nation of the data, however, reveals that meny more data would be
required in order to be able to draw any conclusion in regard to
this effect.

EVALUATION OF RESULIS

Sufficlent data to verify equation (8) completely are not ,
available, Inesmuch as this equation is 1n quantibabtive agreement
with aveilable data, further experimentatlon designed to verify
the dislocation theory of fatigue is Justified.

The theory was developed for ammealed elements or solld solu-
tions; the data used to check the theory were obtalned only from
annealed elements; It seems reasonsble to believe, however, that
date for annsaled solld solutions would also be in agreement with
the theory.

It appears improbable that equation (8) would apply to the
case of precipitation-hardened or strain-hesrdened materials.
Certaln modifications would be necessary, such as the introduction
of an internal-stress term. This subject is sufficiently complex °
to Justify an independent investigation.

LLL
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It should be mentioned that the uncertalnty in the data appears
sufficiently large 10 allow reassonable doubt in the constancy of the
stress-concentration factor q for all annealed elements and solid
solutions. The possibllity exists that an experimental plot of
q'Vo, ageinst AF_, would also be linear; however, the data are
insufficient to resolve this gquestion,

It hes been experimentally observed that the nmumber of cycles
for feillure at some glven stress and temperature obeys a statistical
distribution (reference 17). An explanation of this phencmenon on
the basils of eguation (8) would probably require that one or more
of the following factors, M, AF;, and q assume a range of
values for a given material. It seems reasonable that the factors
M and q may vary from specimen to specimen inasmuch as these
quantities are probably dependent upon menufacturing varlables such
as cesting, drawlng, and heat-treating. It is thus possible to
account for the scatter of data normally obtained in fatigue tests
on the basis of the dislocation theory.

It should be noted that figure 5, which helps substantiate
equation (8), also esteblishes a correlation between fatigue and
creep as predicted by the theory and proves that fatigue failure
depends upon plastic deformation. With the assumption of a constant
value of g &t roam temperature, the prediction of fatigue data
from a knowledge of cresp data for annealed elements and solid
solutions is made possible for practical purposes.

National Advisory Comittee for Aeronautics,
Flight Propulsion Research Laboaratory,
Cleveland, Oblo, September 12, 1947.
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APPENDIX A -

EVALUATION OF DEFINTTE INTEGRAL
The definite integral

b9
J eay 8inf aoe

0

was evalueted for a serles of values of ay by numericel integra-

tion, The value of &4 was set equal to 10.56 X 10-8 %o corre-
spondl epproximately to the expected values of the physical quantity
1t represented.. A plot of the log of the integral against y 1is
shown in figure 8. For velues of y > 108, 1t appears that the
equetion of the curve 1is

1og \,E 610.56 x 1078y &1nd 45 _ 40

vhere b 1is the slope of the line in figure 8, 4.44 X 10°8,
As a result, .

" HE
e10.56 X 10"y 8ind 39 . oP¥ . o\®

0

_ g0-422ey
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APPENDIX B

EVALUATIOR OF AFg

The equation AF
-Alg BT
u' = 1074 ;]%r. e KI T KT

obtained from reference 8 was first used to calculate values of
AFS from steady-state creep-rate data. This calculation was
accomplished by plotting log w' egeinst ¢, setting the experi-
mental value of the intercept at ¢ = 0 equal to

AF
R )

and solving for AFy, because all the other parameters are known
in the expression for the intercept. When these values of AFg
were used to calculate the intercepts of the curves of log N
Plotted egalnst op and W, agalnst AFg ;5 1t was found that
the calculated intercepts exceeded the experimental intercepts by

a factor that varied between 1 X 10713 to 3 x 10715 ergs per
molecule in the value of AFg. In attempting to find an explana-~
tion for' this discrepancy, it was determined that an assumption
mede in reference 8 regarding the value and constancy of the
quantity 10"%4 1n the preceding equation was erroaleous. The

value of 10™¢ was used as an approximation for Tl. In the
derivation of the foregoing eguation, the value of 104 was

based on an assumptlion that one source of generation of dislocations
exists per mosalc block. Thus, according to this assumption the
strain due to the passage of one dislocation through & mosaic block

a -8 .. :
18 £ z3X10° =304, Evidence exists » however, for single
3 x 1074

crystals, which indicates that the spacings between slip planes
mey be many multiples greater than 3 X 10~4, For exemple, figure 9
taken from reference 18, indicates that the spacing may be as lerge
as 0.3 centimeter and f:lgure 10 indicates that 1/L (mumber of
slip planes/cm) may very between O and 10,000. Thus it appears
that the assumption that I is a constant for polycrystals of
megnitude 3 X 10”4 is probebly incorrect. It remains to be
shown, however, how L may be calculated.
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Without a physical model of the mechanism of straln in a poly-
crystal, it seems that the simplest assumptlion is to leave the

d
factor -I% as an unknown constant lOc. The factor C can then

be determined from a set of fatigus date and creep data for the same
meteriel as follows: From equation (8), it is evident that the
intercept of the straight line obtained by plotting Iog N egainst
Gm’ at O'm =0 1is

ZnuhM\  AFg
log \%F / * Z.3kT

The date for ammealed copper shown in figure 4(a) will be used in
this calculation. The data for dry purified alr were used to locate
the slope of the line taken through the points for the tests In
vacuum. The intercept of this line was found to equal about 15.
Hénce,

2 x 2209 x 6,62 x 10727 x 10%
15-lo0g 2.3 x1.38 x10~18x 300

1.38% 10716 x 300

AF

g=

= 2.01 X 10"1% ergs/molecule

where ® = 2200 cycles per minute and T = 300° X, as given by
reference 12.

From the creep eguation,

| AF
log u' = C + 108 T - 35 + i

it is apparent that the intercept log uy of the straight line
obtained by plotting log u' egainst Tat T=01s

AF
logu1=G+1og-i]%E---2-3%T-



NACA TN No. 1489 19

An.estimate of log uy at 3000 K can be obtained fram data

) u
given at other temperatures by plotting (T log -Ej-') against %,

because AF8 is linearly dependent on T, and by extrapolating the

best straight line thus obtained to T = 300° K, TUsing the data
of references 22 and 23, an average value of -15 was obtained for

log uy. Substituting this value for log uy, and AFg = 2.01 X 10712

in the preceding equation and solving for C yilelds
c = -607

For the purpose of obtaining values of AFg from creep data
for other materiels, C was assumed to be a comnstant. Using this
value of C values of AF were obtalned from creep data and are

glven in the following 'bable together with a 1ist of the sources of
the regpective data.

Materiel A‘E‘8 ,ﬂ ergs/moleoule Reference

———— - —— PO [

Aluminum 1,57 - 1.70 X 10-12 | 18, 21
Silver 1.85 - 2.26 X 10"12 18

Copper 1.9 - 2.12 x 10712 zz 23
—— .’. —
Armoco Iron|2.74 - 3.09 x 10~12 13

Nickel 3.13 - 3.63 x 10~12 21
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